Introduction
Lysine methylation is a major posttranslational modification. At the chromatin level, a variety of histone methyltransferases are involved in multiple epigenetic regulation-associated processes, including gene transcription, gene silencing, chromatin structure establishment and maintenance, and DNA repair and replication. [1] The SET domaincontaining lysine methyltransferase 7 (Setd7, also called Set7/9), one of the first identified lysine methyltransferases, targets lysine 4 on histone H3 (H3K4) and is the mono-methyltransferase associated with transcriptional activation. Methylation of H3K4 by Setd7 inhibits nucleosome remodeling and histone deacetylase (NuRD) at the histone H3 tail and blocks methylation of H3K9 by Suppressor of variegation 3-9 homolog 1 (Suv39h1). Among the epigenetic regulatory proteins, Setd7 plays multiple roles in regulating histone assembly and non-histone protein activities. Setd7 is involved in regulating a wide range of targets, including transcription factors, tumor suppressors, and membrane-associated receptors. [2] [3] [4] [5] In addition, numerous non-histone Setd7 targets, including DNMT1, PCAF, p65, and p53, have been reported as potential mediators of the effects of Setd7. [6] [7] [8] [9] Therefore, Setd7 primarily functions by methylating various target proteins, altering the stability and activity of the target proteins. A previous study revealed that the role of Setd7 is modulatory, subtle, and highly dependent on the cell type and/or physiological conditions. [1] However, further elucidation of the epigenetic regulation of Setd7 is needed.
Recently, epigenetic alterations, such as DNA methylation, histone modification, nucleosome remodeling, and miRNA silencing, have been implicated in oxidative stress-induced cancer initiation and progression. Previous work from our laboratory provided compelling evidence that the expression of NF-E2-related factor 2 (Nrf2) is epigenetically regulated during prostate tumor development in TRAMP mice. [10] Similar to other age-related cancers, prostate cancer (PCa) is characterized by increased www.advancedsciencenews.com www.mnf-journal.com intracellular oxidative stress. [10] An increasing body of evidence has demonstrated that Nrf2 is a key transcription factor in antioxidant responses and xenobiotic metabolism via modulation of a broad range of antioxidant and phase II detoxification genes, [11, 12] including heme oxygenase-1, NAD(P)H:quinone oxidoreductase 1 (Nqo1), UDP-glucuronosyltransferase 1A1, and glutathione Stransferase theta 2 (Gstt2). When cells are exposed to oxidative and electrophilic stresses, this cellular protective system will be triggered through activation of the Nrf2/antioxidant response element (ARE) signaling pathway. A recent study showed that the histone methyltransferase mixed-lineage leukemia (MLL), which targets H3K4 as the trimethyltransferase, is associated with an active chromatin state. The Nrf2 and heme oxygenase-1 expression was decreased when MLL was knocked down by siRNA in 5-fluorouracil-resistant colon cancer cells. [13] However, the roles of Nrf2 in cancer cell survival and resistance to chemotherapeutics and radiotherapy are still controversial. [14] Accumulating evidence suggests that dietary consumption of blueberries, cranberries, apple peels, and cruciferous vegetables, which contain abundant levels of the triterpenoid ursolic acid (UA) and the glucosinolate phenethyl isothiocyanate (PEITC), substantially reduces the risk of PCa. [15] [16] [17] [18] [19] Indeed, dietary intake is considered an important factor that influences the epigenome. In this context, the Nrf2 pathway can also be activated by multiple natural chemopreventive compounds, such as UA, sulforaphane, and PEITC. [20] [21] [22] In the last few decades, studies have shown that PEITC and UA exert various biological effects, including antimetastatic, antiangiogenic, antioxidant, anti-inflammatory, antimicrobial, and other therapeutic functions. [23, 24] Previous reports indicated that PEITC may prevent PCa through epigenetic mechanisms; for example, PEITC inhibits histone deacetylases and aberrant CpG island methylation of various genes that contribute to PCa carcinogenesis and progression. [25] Recently, studies have also found that UA can activate Nrf2, block cellular transformation of mouse epidermal cells, and protect the brain and liver from cerebral ischemia and CCl 4 -induced damage in mice via epigenetic modifications. [20, 26, 27] However, the effect of PEITC and UA on epigenetic regulation of Setd7 has not been previously examined.
In this study, we found that PEITC and UA induced Setd7 expression. We further investigated the potential role of Setd7 in regulating the Nrf2-mediated cellular antioxidative system in PCa cells. Downregulation of Setd7 reduced the expression of downstream Nrf2 targets and was associated with colony formation efficiency. However, downregulation of Setd7 also increased the DNA damage induced by hydrogen peroxide (H 2 O 2 ) and reactive oxygen species (ROS) generation. Additionally, chromatin immunoprecipitation (ChIP) assays demonstrated that the enrichment of H3K4me1 in the promoter regions of Nrf2 and Gstt2 was decreased by Setd7 knockdown. 
Experimental Section

Setd7 Knockdown in LNCaP and PC-3 Cells
Lentivirus-mediated short hairpin RNAs (shRNAs) were used to establish stable mock (control, sh-Mock) and Setd7 knockdown (sh-SETD7) in LNCaP and PC-3 cells. The shRNA clone sets were obtained from GeneCopoeia (Rockville, MD), and lentiviralmediated transduction was performed according to the manufacturer's manual. After selection in RPMI 1640 and DMEM supplemented with 10% FBS and 2 mg mL -1 puromycin for 3 weeks, the sh-Mock and sh-SETD7 cells were further used to evaluate the role of SETD7. For determination of the proliferation rate of shMock and sh-SETD7 LNCaP and PC-3 cells, the cells were seeded in 60-mm tissue culture plates at an initial density of 10 000 cells. The cells were counted, and the number was recorded after 24, 48, and 72 h of incubation using a TC20 automated cell counter (Bio-Rad, Hercules, CA).
RNA Isolation and Quantitative PCR
Total RNA was extracted from the treated cells using a GeneJET RNA Purification Kit (Thermo Scientific, Waltham, MA). According to the manufacturer's instructions, first-strand complementary DNA was synthesized from 1 μg of RNA using TaqMan Reverse Transcription Reagents (Applied Biosystems, Carlsbad, CA, USA). Quantitative PCR (qPCR) analysis was performed in an ABI7900HT system (Applied Biosystems) with SYBR Green PCR Master Mix (Applied Biosystems) using complementary DNA as the template. The sequences of the primers used for PCR amplifications are listed in Table 1 . The PCR conditions were as follows: initial denaturation for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C. A melting curve analysis was performed to ensure the specificity of the products. The relative www.advancedsciencenews.com www.mnf-journal.com gene expression levels were normalized to the GAPDH level using the 2
Western Blotting
The cells were harvested using radioimmunoprecipitation assay buffer (Millipore, Billerica, MA) supplemented with a protein inhibitor cocktail (Sigma, St. Louis, MO). Then, the cell lysates were sonicated at 4°C and centrifuged at 13 000 rpm for 15 min at 4°C. The supernatants were collected and quantified using a Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Rockford, IL). Then, 40 μg of total protein was diluted with Laemmli's SDS sample buffer (Boston Bioproducts, Ashland, MA) and denatured at 95°C for 10 min. The proteins were loaded and separated on 4-15% Criterion Tris-HCl Precast Gels (Bio-Rad, Hercules, CA) and then transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad), followed by blocking with 5% BSA in Tris-buffered saline-0.1% Tween 20 buffer for 1 h at room temperature. The membrane was sequentially incubated with specific primary antibodies and HRP-conjugated secondary antibodies. The protein bands were visualized using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) with a Gel Documentation 2000 system (Bio-Rad).
Comet Assay
For investigation of Setd7-mediated protection against oxidantinduced DNA damage, the alkaline version of a single cell microgel electrophoresis assay (comet assay) was performed to assess the impact of H 2 O 2 . LNCaP cells were seeded in 60-mm tissue culture plates. After incubation for 24 h, the cells were harvested, washed, and then treated with H 2 O 2 at 100 μm for 15 min at 37°C . The comet assay was performed as described by Tice et al. and Glei et al.. [28, 29] Individual cells were embedded in a thin agarose gel on a microscope slide. All cellular proteins were then removed from the cells by lysing. The DNA was allowed to unwind under alkaline conditions. Following unwinding, the DNA underwent electrophoresis, allowing the broken DNA fragments or damaged DNA to migrate away from the nucleus. After the samples were stained with the DNA-specific fluorescent dye ethidium bromide (Sigma-Aldrich, Taufkirchen, Germany), the gel was assessed for fluorescence levels in the head and tail and the length of the tail. The extent of DNA liberated from the head of the comet is directly proportional to the amount of DNA damage.
Colony Formation Assay
LNCaP sh-Mock and sh-SETD7 and PC-3 sh-Mock and sh-SETD7 cells were seeded in six-well plates at an initial density of 1000 cells per well for 24 h. The cells were then treated with vehicle (0.1% DMSO) or the genotoxic compound cumene hydroperoxide (CumOOH) (Sigma-Aldrich) at 2 μm at 37°C in a humidified 5% CO 2 atmosphere for 14 days. Then, the medium was removed, and the cells were rinsed carefully with PBS. The PBS was removed, and 500 μL of 0.01% crystal violet was added. After 30 min, the crystal violet was carefully removed, and the samples were rinsed with dH 2 O. The plates with colonies were then dried at room temperature. The colonies were photographed using a computerized microscope system with the Nikon ACT-1 program (Version 2.20). The number of cell colonies was calculated and analyzed as the ratio of the number of LNCaP sh-SETD7 cells to LNCaP sh-Mock cells.
Measurement of ROS
Intracellular ROS generation in LNCaP cells was measured with flow cytometry following staining with CM-H2DCFDA. After incubation with UA (5 or 20 μm) or PEITC (2.5 or 5 μm) for 12 h, the cells were washed and incubated with 10 μm CM-H2DCFDA at 37°C for 30 min. The cells were then washed three times with PBS, and the fluorescence intensity was measured using flow cytometry.
ChIP Assay
ChIP assays were performed using a MAGnify Chromatin Immunoprecipitation System (Thermo Fisher Scientific) following the manufacturer's instructions. Briefly, LNCaP sh-Mock and sh-SETD7 cells were treated with UA (20 μm) or PEITC (5 μm) for 24 h. After the samples were harvested and washed twice with PBS, chromatin was cross-linked with 1% formaldehyde for 10 min at room temperature. Next, 1.25 m glycine was added to quench the excess formaldehyde. The cells were pelleted by centrifugation, resuspended in lysis buffer, and sonicated to generate 200 to 500 bp DNA fragments using a Bioruptor sonicator (Diagenode Inc., Sparta, NJ). The diluted chromatin solution was immunoprecipitated with 2 μg of anti-H3K4me1 antibody or rabbit immunoglobulin G. After a wash, cross-link reversal, DNA elution and DNA purification, the relative amount of www.advancedsciencenews.com www.mnf-journal.com immunoprecipitated DNA was quantified via qPCR using the primers listed in Table 1 . The enrichment of the precipitated DNA was calibrated using a standard curve constructed from serial dilution of the inputs, which were treated in parallel with the precipitated samples except antibody was not added in the immunoprecipitation procedure, and the data are presented as the fold changes in the signal-to-input ratio normalized to the control.
Statistical Analysis
Statistical significance was tested with a one-way analysis of variance followed by Dunnett's post-hoc test between multiple experimental groups and the Student's t-test between two experimental groups using GraphPad PRISM software. The values are presented as the mean ± SD. p-Values less than 0.05 were considered statistically significant.
Results
Setd7 Played an Important Role in the Process of PEITC-and UA-Induced Nrf2-Related Detoxifying/Antioxidant Target Gene Expression
To determine the dynamic changes in Setd7 and Nrf2-related detoxifying/antioxidant target gene expression after PEITC and UA treatment, we treated PCa LNCaP and PC-3 cells with UA (20 μm) or PEITC (5 μm) for different periods of time (6, 12, 24, or 36 h) or with UA (5 or 20 μm) and PEITC (2.5 or 5 μm) for 24 h. Then, the cells were harvested, and the Setd7, Nrf2, Nqo1, and Gstt2 mRNA and protein levels were analyzed using qPCR and western blotting, respectively. The results showed that UA treatment for 12 h affected Setd7, treatment for 6 h affected Nrf2, and treatment for 24 h affected both Nqo1 and Gstt2 mRNA levels. PEITC affected Setd7, Nqo1, and Gstt2 mRNA expression at the 12 h time point and Nrf2 expression at the 6 h time point ( Figure 1A) . In addition, Nqo1 mRNA expression was induced by UA (20 μm) and PEITC (5 μm), while Gstt2 mRNA expression was induced by UA (20 μm) after 24 h of treatment (Figure 1B) . We also found that the Setd7 protein level was gradually increased after PEITC and UA treatment in LNCaP cells. Only Setd7 and Nqo1 protein expression was significantly increased by PEITC (5 μm) treatment at 24 h ( Figure 1C-F) . Setd7 plays a prominent role in histone and non-histone protein lysine methylation. To determine whether Setd7 is involved in the effects of PEITC and UA on the Nrf2-ARE pathway, we established sh-Mock and sh-SETD7 cells using lentiviral shRNA vectors. Decreased Setd7 mRNA and protein levels were confirmed in sh-SETD7 cells by qPCR and western blot analyses, respectively. Importantly, Setd7, Nqo1, and Gstt2 mRNA and protein expression in LNCaP cells was decreased at different time points and dosages when Setd7 was stably inhibited (Figure 1) .
The profiles in PC-3 cells were similar to those in LNCaP cells. Treatment with UA for 24 h affected Setd7 and Nqo1 and treatment for 12 h affected Nrf2 and Gstt2 mRNA levels. PEITC affected Setd7, Nrf2, and Nqo1 mRNA expression at the 12 h time point and Gstt2 expression at the 24 h time point (Figure 2A) . In addition, Setd7, Nqo1, and Gstt2 mRNA expression was induced by UA (20 μm), while Nqo1 and Gstt2 mRNA expression was induced by UA (20 μm) and PEITC (5 μm) after 24 h of treatment ( Figure 2B ). We also found that the Setd7 protein level gradually increased after PEITC and UA treatment in PC-3 cells. Setd7 protein expression was induced by UA (20 μm) and PEITC (5 μm) treatment at 24 and 36 h, while Nqo1 and Gstt2 expressions were induced at 24 and 6 h, respectively ( Figure 2C-F) . Additionally, Setd7 knockdown significantly decreased the Setd7, Nqo1, and Gstt2 mRNA and Setd7, Nrf2, Nqo1, and Gstt2 protein levels in PC-3 cells (Figure 2 ). Taken together, these results suggest that both the time course and the dose are important for Setd7 induction by PEITC and UA and that Setd7 plays an important role in the Nrf2-ARE signaling pathway in LNCaP and PC-3 cells.
Knockdown of Setd7 Reduced Colony Formation in LNCaP and PC-3 Cells
As described above, Setd7 influences the expression of Nrf2 and its downstream genes, including the phase II enzyme Gstt2, which exhibits peroxidase activity. [30] CumOOH, a model substrate of Gstt2, has pronounced genotoxic activity. To induce oxidative DNA damage, we used CumOOH in colony formation assays. The results showed that Setd7 knockdown significantly decreased the number and size of colonies formed by LNCaP and PC-3 cells. In the control groups, Setd7 knockdown significantly decreased colony formation by 80% compared with that of the sh-Mock cells. Meanwhile, the CumOOH-mediated inhibition of colony formation was substantially reduced by 80% in LNCaP and 70% in PC-3 cells. In contrast, in LNCaP sh-Mock and LNCaP sh-SETD7 cells, CumOOH significantly suppressed colony formation by 70% compared with that of the control treatment cells, and the suppression was 40% in PC-3 sh-SETD7 cells (Figure 3) . Based on these results, we concluded that Setd7 protected cells from DNA damage induced by genotoxic CumOOH.
Setd7 Knockdown Increased ROS Generation and DNA Damage
Next, we designed experiments to test ROS generation in LNCaP and LNCaP Setd7-KD cells following PEITC and UA treatment. Intracellular ROS generation in DMSO-, UA-, and PEITC-treated LNCaP and LNCaP Setd7-KD cells was assessed with flow cytometry following staining with CM-H2DCFDA. The results showed that in the DMSO group and the UA and PEITC treatment groups, knockdown of Setd7 significantly increased ROS production (Figure 4) . This further confirmed that Setd7 offered some protection to DNA integrity in LNCaP cells.
To further characterize the roles of Setd7 in the Nrf2-ARE signaling pathway, we stimulated cells with the oxidant H 2 O 2 . The Setd7, Nrf2, Nqo1, and Gstt2 mRNA expression levels were investigated using qPCR. In LNCaP sh-Mock cells, higher H 2 O 2 concentration upregulated Setd7, Nrf2, Nqo1, and Gstt2 mRNA levels. Meanwhile, Setd7 knockdown repressed basal and H 2 O 2 -induced Setd7, Nqo1, and Gstt2 expression ( Figure 5A) . Nrf2 is www.advancedsciencenews.com www.mnf-journal.com , and PEITC (2.5 or 5 μm) for 24 h; and then, the cells were harvested and analyzed to determine the Setd7, Nrf2, Nqo1, and Gstt2 mRNA and protein levels using qPCR and western blotting. The protein amounts were normalized to the β-actin levels and are expressed as the relative fold change compared with LNCaP DMSO control cells. A,B) The relative Setd7, Nrf2, Nqo1, and Gstt2 mRNA levels; C,E) representative immunoblot of Setd7, Nrf2, Nqo1, and Gstt2 proteins; and D,F) the relative Setd7, Nrf2, Nqo1, and Gstt2 protein levels. The mean values and SDs represent triplicate samples. The data shown are representative of three experiments. *The difference was statistically significant when p < 0.05 compared with the levels in LNCaP DMSO control cells. # p < 0.05 versus the LNCaP cell line.
an essential regulator of cytoprotective detoxifying/antioxidant enzymes, and accordingly, the results showed that Setd7 played an important role in oxidative stress conditions at least in part by augmenting detoxifying/antioxidant enzymes, which was mediated by enhanced Nrf2 expression.
Next, a comet assay was performed to further confirm the DNA-protective role of Setd7. H 2 O 2 can induce oxidative stress and cause DNA damage in cells. The LNCaP sh-Mock and sh-SETD7 cells were exposed to H 2 O 2 , and DNA integrity was measured using the comet assay. In the present study, cells treated with 100 μm H 2 O 2 exhibited a significant increase in DNA damage compared to cells in the control group. Setd7 knockdown significantly augmented the DNA fragmentation induced by H 2 O 2 . The results of the tail length, tail DNA percentage, tail moment, and olive moment analyses showed that Setd7 knockdown significantly increased DNA damage by approximately 30, 20, 40, and 30%, respectively, compared with that in the sh-Mock cells ( Figure 5B ). These findings indicate that Setd7 is a key enzyme in many cellular processes, including DNA protection and epigenetic modification.
www.advancedsciencenews.com www.mnf-journal.com , and PEITC (2.5 or 5 μm) for 24 h; and then, the cells were harvested and analyzed to determine the Setd7, Nrf2, Nqo1, and Gstt2 mRNA and protein levels using qPCR and western blotting. The protein amounts were normalized to the β-actin levels and are expressed as the relative fold change compared with PC-3 DMSO control cells. A,B) The relative Setd7, Nrf2, Nqo1, and Gstt2 mRNA levels; C,E) representative immunoblot of Setd7, Nrf2, Nqo1, and Gstt2 proteins; D,F) the relative Setd7, Nrf2, Nqo1, and Gstt2 protein levels. The mean values and SDs represent triplicate samples. The data shown are representative of three experiments. *The difference was statistically significant when p < 0.05 compared with the results in PC-3 DMSO control cells. # p < 0.05 versus the PC-3 cell line.
Setd7 Knockdown Decreased H3K4me1 Recruitment to the Nrf2 and Gstt2 Promoter Regions
To confirm that Setd7 regulates Nrf2 and Gstt2 expression through mono-methylation of H3K4, we used ChIP assays to further examine the Nrf2 and Gstt2 transcriptional regulatory mechanism and histone modification in LNCaP cells. When Setd7 expression was knocked down, the H3K4me1 enrichment on the Nrf2 and Gstt2 promoter regions was significantly reduced. In contrast, PEITC and UA treatment increased the H3K4me1 enrichment at the Nrf2 and Gstt2 promoters in LNCaP cells (Figure 6A, B) . The specificity of the ChIP assay was verified using nonspecific rabbit IgG, which is not specifically amplified in qPCR, in the precipitation procedure as a negative control (data www.advancedsciencenews.com www.mnf-journal.com not shown). To confirm the results, we extracted and analyzed nuclear Nrf2 protein using western blots. Setd7 knockdown inhibited Nrf2 protein expression in LNCaP cells, which was consistent with our previous results ( Figure 6C, D) . These data suggest that Nrf2 and Gstt2 may be indirectly regulated by Setd7 via H3K4 methylation. Setd7 knockdown reduced the H3K4me1 enrichment on the Nrf2 and Gstt2 promoter regions, subsequently inhibiting Nrf2 and Gstt2 expression. Thus, Gstt2 expression is not only influenced by the Nrf2 level but also by Setd7 induction.
Discussion
Our present study showed that Setd7 expression in LNCaP and PC-3 cells can be induced by the phytochemicals PEITC and UA, which regulate the Nrf2/ARE signaling pathway and protect DNA from oxidative damage. Furthermore, we elucidated the detailed molecular mechanism by which Setd7 modulates key proteins in these pathways.
Setd7 specifically methylates H3K4 and enhances transcriptional activation. Methylation of H3K4 by Setd7 inhibits the association between the histone deacetylase NuRD and the H3 tail. In addition, H3K4 methylation precludes Suv39h1-mediated methylation at K9 of H3 (H3K9). H3K4 and H3K9 methylation dynamically compete with each other and have differential effects on subsequent histone acetylation by p300. [2, 3] In contrast, Setd7-mediated methylation of non-histone proteins, especially transcription factors, is associated with gene activation or repression through modulation of protein stability in a site-and contextspecific manner. This process has been shown to be crucial for multiple cellular responses, including the response to stress stimuli. [8, 9, 31, 32] Recent in vivo and in vitro studies have demonstrated that Setd7-mediated changes in lysine methylation on histones have no effect on the p53-mediated cell cycle. [32] [33] [34] [35] Using lentivirus shRNA-mediated Setd7 knockdown in PCa LNCaP and PC-3 cells, our study showed that Setd7 regulates the expression of downstream genes targeted by the transcription factor Nrf2. These results suggest that the histone methyltransferase activity of Setd7 may be important for these effects. We found that Setd7 knockdown significantly downregulated Nqo1 and Gstt2 mRNA and protein expression.
Setd7 influences chromatin conformation and transcription activity in various ways. For example, Setd7 methylates the tumor suppressor protein p53 and estrogen receptor α by activating them. [9, 36] In contrast, RelA/p65, E2F1, and DNMT1 methylation renders them unstable and dysfunctional. [6, 31, 37, 38] In addition, Setd7 enhances androgen receptor (AR)-mediated transactivation but does not affect AR protein levels. [39, 40] Setd7 activates farnesoid X receptor transcriptional activity without altering protein stability. [7] Meanwhile, Setd7-mediated protein methylation can also influence protein-protein and protein-RNA interactions. [41] Given the evidence indicating a critical role of Setd7 methylation in Nrf2 activity, we hypothesized that Setd7 stabilizes the Nrf2 protein level, while the transcriptional activity is not affected. Based on our results, in PCa cells, Setd7 knockdown significantly decreased the Nrf2 protein level rather than the mRNA level. The ChIP assay results indicated that Nrf2 and Gstt2 expression was suppressed through regulation of H3K4me1 by Setd7. Gstt2 expression may not only be influenced by Nrf2 but also by H3K4 methylation. The expression of the transcription factor Nrf2 may be modulated by multiple factors at different levels. However, we cannot eliminate the possibility that Setd7 directly methylates the lysine residues of Nrf2. He et al. hypothesized that Setd7 methylation may alter the interaction between Nrf2 and Keap1, leading to a feedback mechanism by binding to the ARE region in the Nrf2 promoter. [42] There is some evidence showing that Nrf2 is directly acetylated by CREB-binding protein, leading to an increase in promoter-specific DNA binding of Nrf2. In contrast, heterologous sirtuin 1 (SIRT1) can decrease Nrf2 acetylation associated with Nrf2-dependent gene transcription. The acetylation and deacetylation of Nrf2 indicate that there are novel regulatory mechanisms modulating the Nrf2-dependent antioxidant response. [43, 44] Nevertheless, the above hypotheses require more studies for confirmation, especially whether Nrf2 can be directly methylated by Setd7 and whether other proteins participate in this process.
www.advancedsciencenews.com www.mnf-journal.com In this study, the mRNA and protein expression of the Nrf2 downstream target genes Nqo1 and Gstt2 were both inhibited when Setd7 was downregulated. Petermann et al. reported that Gstt2 protects cells from oxidative DNA damage induced by the synthetic hydroperoxide CumOOH, indicating that Gstt2 has anti-genotoxic function. [45] Therefore, we addressed the question of whether Setd7 protects against genotoxic stress by stabilizing Gstt2 expression. To analyze this, we challenged LNCaP and PC-3 cells with the Gstt2 substrate CumOOH. The colony formation assay results clearly demonstrated that Setd7 knockdown significantly reduced the colony number and size compared to those of the control cells, indicating that Setd7 can protect PCa cells against genotoxic damage at least in part through expression of the phase II gene Gstt2. Furthermore, to confirm the function of Setd7, we used H 2 O 2 , which causes oxidative DNA damage. [46] The comet assay analysis of LNCaP cells showed that the DNA damage induced by H 2 O 2 was increased when Setd7 expression was inhibited. Similarly, the qPCR results showed that Setd7 knockdown significantly repressed the Gstt2 mRNA expression under H 2 O 2 oxidative stress. Notably, this observation is consistent with the results from the UA-and PEITC-treated LNCaP and PC-3 cells. In addition, the flow cytometry results showed that Setd7 knockdown markedly increased intracellular ROS generation. Our results suggest that elevated Setd7 levels may protect PCa cells from oxidative stress caused by CumOOH, H 2 O 2 , and endogenously produced peroxides.
Interestingly, our data showed that the phytochemicals PEITC and UA could induce Setd7 expression in LNCaP and PC-3 cells. A growing body of evidence suggests that PEITC and UA have both in vitro and in vivo therapeutic functions, including antioxidant, anti-inflammatory, and anticancer activities, and can prevent PCa through epigenetic regulation. Recently, many studies have attempted to elucidate the PEITC-and UA-mediated epigenetic modifications. PEITC and UA have been reported to reduce the expression of epigenetic modification enzymes, such as the histone deacetylases, in mouse epidermal JB6 P+ and LNCaP cells. [20, 25] Similarly, UA can activate Nrf2 and its downstream cytoprotective detoxifying/antioxidant enzymes (Gst and Nqo1) in a cigarette smoke extract-induced bronchial epithelial cell culture model. [27, 47] The epigenetic effects of UA can potentially contribute to the prevention of skin cancer. [20] PEITC can selectively increase H3K4 methylation, [25] and can suppress prostate cancer cell invasiveness through epigenetic mechanisms including microRNAs. [48] We found that Setd7 induction could account for the activated Nrf2/ARE signaling pathway and the elevated H3K4 methylation caused by PEITC and UA. Accordingly, inhibition of Setd7 expression led to significant repression of Nrf2 and its downstream target genes Nqo1 and Gstt2. In addition, Setd7 knockdown abrogated the effects of PEITC and UA when combined with these two compounds. Although in the last few decades, great progress has been made in identifying and characterizing the effects of PEITC and UA on PCa chemoprevention, there is still much to be learned. For example, drug resistance and off-target actions of these compounds have limited their use for cancer treatment. Several reports have shown that resistance to PEITC-and UA-induced apoptosis can be mediated through multiple signaling pathways in PCa cells. [49] [50] [51] [52] These results demonstrated that PEITC or UA may have the potential to be considered in future combination PCa therapy, but drug resistance continues to be a problem. In our study, we showed for the first time that Setd7 was induced by PEITC and UA, and more importantly, Setd7 regulated the Nrf2/ARE signaling pathway and protected DNA against oxidative stress induced by CumOOH and H 2 O 2 in LNCaP and PC-3 cells. These results strongly suggest that Setd7 is a key regulator of Nrf2 function and plays an important role in antioxidant response, xenobiotic disposition, DNA protection, and cell survival. Correspondingly, the effects of Setd7 may confer drug resistance to PCa cells. However, the molecular mechanism of this process has not been completely elucidated. Future studies examining the cross-talk between Setd7 and other signaling pathways are also needed.
Recently, many preclinical studies have suggested that histone methyltransferase inhibitors are prospective drug candidates for cancer therapy. Setd7 is a drug target for diseases such as type II diabetes, acute immunodeficiency syndrome, and hormone-dependent breast cancer. [53] Accordingly, (R)-PFI-2 has been shown to be a potent and selective inhibitor of the methyltransferase activity of Setd7 in cells. [1] Therefore, based on our new findings, Setd7 may be a promising therapeutic target for PCa. Furthermore, the epigenetic mechanism of Setd7 underlying PCa chemoprevention needs to be clearly defined, and further studies are required to address the above topics, especially the effects of Setd7 inhibitors.
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